Carbon/silica composite films were prepared from colloidal silica aqueous solution in which vapour grown carbon nano-fibers were dispersed. The orientation of nano-fibers was attempted by dip-coating substrates under high magnetic field up to 10 T. The fibers started to align along the direction of magnetic field below 1 T. The degree of orientation was saturated at about 6 T. The anisotropic susceptibility, ¦» = » // ¹ » ¦ , was estimated to be (3.05 « 1.10) © 10 ¹7 cm 3 /mol from the fitting of numerical simulation. Optical anisotropy, the ratio between transmittances of light polarized perpendicular to and parallel to the direction of fiber orientation, increased immediately in the films prepared under applied fields below 1 T and almost saturated above 1 T. The optical anisotropy was in good agreement with the behaviour of magnetic orientation of fibers.
Introduction
Inorganic composite films containing nano-particles such as nano-spheres, nano-rods, nano-fibers etc. are of great interest for applications to optical films, electric conducting films, membranes having thermal and chemical resistances and so on. It is expected that the orientation and alignment of the particles improve the performance of the composite films such as electronic conductivity, optical anisotropy and mechanical strength. Magnetic orientation is an interesting phenomenon which was caused by the anisotropy of magnetic susceptibility of crystals. Magnetic process has an advantage as compared with the mechanical and electrical methods, because the effect reaches the inside of materials homogeneously and deeply. With the progress of high field generation using hybrid superconducting magnet in this decade, magnetic orientation of diamagnetic materials was extensively studied on not only organic materials but also inorganic materials which have anisotropic susceptibility.
1)4) As indicated in many organic materials, the materials consisting of aromatic rings possess large diamagnetic anisotropy due to the ring current induced on the rings. Vapor-grown carbon fibers (VGCFs) 5) and carbon nano-tubes (CNTs) are interesting materials having thermal and chemical durability, because they have the structure similar to the aromatic ring and have large anisotropic susceptibility. 4),6), 7) The fibers and tubes, of course, have anisotropy in electronic conductivity along the axis. Therefore, provided that the fiber diameter drops to below submicrometers, the fiber develops optical anisotropy for polarization of incident lights which come from the direction normal to the fiber axis. Many studies on the magnetic alignment of the VGCFs and CNTs, and the preparation of fiber-aligned-organiccomposites have been reported in this decade. 8)13) Fiber-aligned inorganic composites are of great interest as materials having electronic and optical anisotropy with high chemical and thermal durability from the view point of commercial application. However, there are no reports about the inorganic composite materials having oriented VGCFs.
In the present study, VGCFs orientated silica composite films were prepared by using dip-coating from colloidal silica under high magnetic field. Magnetic orientation of the fibers in the composite film has been discussed with a numerical simulation of the magnetic orientation. Moreover, optical anisotropy of transmittance against polarized light was discussed with the behavior of orientation of the fibers in the films. ), 3.96 g of ethanol (Wako Chemical, 95%), 5.14 g of distilled water and a drop of surfactant (Alfa Aesar, Triton X-100) was prepared. The pH of the colloidal silica NSX was controlled by ammonia in the region from 9 to 10 for stabilization, which caused the repulsive force between fibers, resulting in the dispersion of fibers in the films. The size and the concentration of silica particles were 46 nm and 20 wt % in colloidal silica, respectively. The diameter of the carbon fibers was ca. 150 nm. The average length was several¯m, but fibers longer than 10¯m existed. The weight ratio of silica particles to carbon fibers corresponded to 21.8:1.0. The mixture of starting reagents was ultra-sonicated for 10 min and then was stirred for 3 h. A 20 ml of the mixture was bottled and was settled in the dip-coating equipment shown in the block diagram (Fig. 2) . Temperature in the equipment was controlled at 20 « 0.5°C. Vertical magnetic field, which is parallel to the dipping/drawing direction, was applied up to 10 T by using a helium-free magnet 11T-CSM of High Field Magnet Laboratory, Institute for Materials Science, Tohoku University. After leaving the mixture in the magnetic field for 5 min, an optically polished quartz glass plate was dipped in and drawn up from the mixture for a few times with a drawing speed of 0.5 mm s ¹1 to obtain the composite film. As-prepared films were dried at 50°C in the air for longer than 1 day.
Experimental procedure
The orientation of the carbon fibers in the film was observed by an optical microscope (Olympus, BX60) with a hundredfold objective lens. The length of nano-fibers was 5.0 « 1.8¯m in the film according to the optical microscopic observation. The measurement of the long axis of the fiber and the direction of applied field was made for about 800 fibers in the dried film dip-coated once. Thickness of the composite film was measured by a surface tester (Mitsutoyo, SV-624). The error in the thickness was lower than «10 nm. Heat treatment was performed up to 900°C in vacuum condition of 10 ¹3 Torr order. The thickness of the film decreased to some extent by the heat treatment as shown in Fig. 3 . There was no difference in the orientation of the fibers in the films after heat treatments, so that the observation of fiber orientation and the measurement of optical properties were performed by using as-dried films.
Optical anisotropy was determined by the transmittances of light polarized parallel and perpendicular to the direction of magnetic field applied to the film by using a conventional spectrophotometer (Hitachi, U-4000) with a polymer polarizer. The wavelength region was from 300 to 800 nm due to the transparency of the polarizer.
Results
Figures 4(a) and 4(b) show optical microscopic images of the dried films which were dip-coated once under 0 and 10 T, respectively. The fibers are dispersed fairly well in the colloidal film. Thicknesses of the dried films dip-coated 1, 2 and 5 times were 370 « 40 nm, 690 « 70 nm and 1640 « 90 nm, respectively. Nano-fibers orientated almost along the direction of magnetic field in the film prepared under 10 T, while they randomlyoriented in the film prepared under 0 T. It should be noted that fibers were always aligned along the direction parallel to the plane of films, since the length of fibers was much longer than the film thickness. The distribution of the direction of the nanofiber against the direction of magnetic field was shown in Fig. 5 . As shown in the figure, the orientation proceeded at a magnetic field lower than 1 T and almost saturated around 6 T. Figure 6 shows optical anisotropy, which is presented by the difference between the optical absorption of light polarized perpendicular to and parallel to the direction of applied field, ¦¡ = (ln T ¦ ¹ ln T // )/d, where T ¦ and T // are the transmittances of light polarized lights perpendicular to and parallel to the direction of applied filed and d is the thickness of the film, respectively. The inset shows transmittances of the as-dried film prepared by dip-coating one time. The anisotropy was increased with the thickness of the composite film as shown in this figure. Figure 7 shows the dependence of the difference ¦¡ at 400, 600 and 800 nm wavelengths on applied magnetic field. The anisotropy increased with applied filed up to about 1 T and then almost saturated above 23 T. 
Thickness/ nm
Temperature/ ºC Fig. 3 . Thickness of carbon nano-fiber/silica composite film (dipcoated once) after stepwise heat treatment in vacuum condition. The heat treatment was performed for 2 h at each step.
Discussion
As seen in Figs. 4(a) and 4(b) , the fibers are dispersed into the film. Fibers longer than 10¯m are hardly observed in the films. Almost all of the longer fibers might be deposited at the bottom of bottle and may be dropped off from the substrate on dipcoating. The fibers oriented along the direction of magnetic field in the films, as shown in Fig. 4(b) . Since the film was solidified by the evaporation of solvent after drawing the substrate about 1 min at 20°C, it was inferred that the orientation of fibers induced by anisotropic magnetic energy was accomplished within a few tens seconds in the wet film before solidification. The saturation time shorter than 1 min in the present observation agreed with the previous direct observations of VGCF in homogeneous viscous liquid under static environment. of silica particles being much smaller than that of carbon nanofibers, although the starting mixture is a complex suspension containing two different kinds of nano-particles,
The orientation of particle is realized, when the magnetic anisotropic energy of the particle, ¦»nH 2 /2, become larger than thermal disturbance, k B T, where ¦» (=» // ¹ » ¦ ), n, H, k B and T are anisotropic susceptibility, the mol number of carbon atoms, magnetic field, Boltzmann constant and temperature, respectively. The direction of the fiber follow the Boltzmann statistics at thermal equilibrium, and the probability, P(ª, H), that the fiber directs between the angles ª and ª + dª are written as 6) Pðª; HÞdª ¼ exp½ÀEðª; HÞ=kT dª Z ³=2 À³=2 exp½ÀEðª; HÞ=kT ; ð1Þ where ª and E(ª, H) are the angle between the fiber axis and field H (¹³/2¯ª < ³/2) and the magnetic energy, respectively. E(ª, H) is given by
The anisotropic susceptibility, ¦», was estimated from all experimental results up to 10 T using Eqs. (1) and (2) by the least square method, assuming magnetic susceptibility anisotropy of the VGCF-H is independent of the field intensity in the range of the present study. The ¦» was estimated to be (3.05 « 1.10) © 10 ¹7 cm 3 /mol. The simulated probability for ¦» = 3.05 © 10 ¹7 cm 3 /mol is shown at each magnetic field by solid lines in Fig. 5 . The simulated probability was smaller than the experimental data at magnetic field below 2 T and was higher than the experimental data at magnetic field above 2 T. More significantly, the estimated value of ¦» in the present study was lower than that in the previous studies (3. ). These discrepancies were probably due to (1) perturbation of fiber orientation around the meniscus by the movement of substrate, (2) evaporation of solvent from the wet film and (3) existence of coupled fibers. Kimura pointed out that ¦» of a single fiber, which was determined from the measurement of orienting time of vapor-grown carbon fiber in viscous liquid, was higher than that of a bunch of fibers by SQUID measurement. 4) In fact, coupled fibers were observed in the films in the present study as seen in Figs. 4(a) and 4(b) . The effects (1), (2) and (3) disturbed the fiber orientation and broadened the probability curve. It is expected that the disturbance to the fiber orientation is less remarkable at lower magnetic field, since the probability curve at lower magnetic field is originally very broad. ¦» estimated from the data below 1 T was (1.88 « 0.68) © 10 ¹6 cm 3 /mol, which was similar to that reported in Ref. 4 . As shown in Fig. 6 , transmittance for the polarized light perpendicular to the direction of fiber orientation was higher than that for the light parallel to the direction. When a diameter of a conductive straight wire is smaller enough than the wavelength of light, a polarized light perpendicular to the direction of wire transmits through the wire while a parallel polarized light reflects by the wire according to the principle of a wire-grid polarizer. If the wire dispersed randomly in a matrix, the material acts as optically isotropic transmitting media. However, anisotropy appears when they orient in one direction. In the present composites, the carbon nano-fibers were randomly dispersed on their position but were oriented in one direction in silica matrix, so that the optical anisotropy appeared as a summation of behavior at each fiber. Since the diameter of fiber, 150 nm, was not smaller enough than wavelength of light, the anisotropy decreased with decreasing wavelength as shown in Fig. 6 . The optical anisotropy increased immediately with applied magnetic field up to 1 T, then almost saturated above 1 T as shown in Fig. 7 . The optical anisotropy for each fiber should be less dependent to the fluctuation of angles around the direction perpendicular to the polarized light. Above the magnetic field where almost all of the fibers were oriented within about «20 degrees, that is, above about 1 T, it is deduced that the optical anisotropy saturated as was shown in Fig. 7 .
Summary
We have successfully prepared nano-fiber orientated Carbon/ Silica composite films by using dip-coating under high magnetic field. The orientation started below 1 T and almost saturated above 6 T. It is deduced that perturbation of fiber orientation in the sol during drawing and drying, and the existence of coupled fibers in the starting materials suppressed the orientation of fibers. The optical anisotropy increased immediately in films prepared under applied fields below 1 T and almost saturated above the field. It was in good agreement with the behavior of magnetic orientation of fibers that almost all of the fibers were oriented within about «20 degrees.
